Abstract: Geothermal energy resources, such as a green and clean renewable energy, are utilized all over the world, especially in soft clay areas along coastal cities in China, such as Shanghai. However, the operation of the ground-buried heat exchanger potentially affects the initial temperature field and the thermal balance, which will probably result in some potential engineering or environmental problems. This paper presents results from a series of large-scale laboratory modeling experiments which were conducted to study the thermal balance in saturated soft clay during the operation of the ground source heat pump (GSHP) system. In experiments, thermal phenomena are induced by a heat exchanger which is embedded in the testing soils and investigated by temperature sensor arrays. It summarizes the experimental methodologies and presents the time-dependent temperature distribution within the testing soils both in operation stage and the re-stabilization duration. Characteristics of thermal balance are discussed in two specific parameters of relative time ratio and temperature factor by comparing summer and winter cases. The thermal mattress effect is proposed to provide valuable guidelines for the utilization and operation of the GSHP system in soft clay areas.
Introduction
The ground source heat pump (GSHP) system is an innovative technology to utilize the shallow geothermal energy, via extracting heat from the ground (geothermal energy) in winter and conversely dissipating excess heat into the soil in summer. The natural ground temperature is constant under a depth of around 10-20 m like a heat source in winter and for cooling in summer. The shallow thermal energy is part of geothermal energy stored by the soil. It's stable, vast and renewable, most importantly it's clean for the environment [1] [2] [3] [4] [5] . The technology development of GSHP system has passed the stage of heuristic models. Well designed, installed and maintained, GSHP systems work over many decades without any technical problems. Particularly as more geo-structures are being involved in the GSHP system [2, 3, [6] [7] [8] [9] [10] , the application of GSHP system in Shanghai is increasing with the development of underground space construction. recently [45] [46] [47] , but it is rarely related to the soil properties or lack of instruction for the GSHP system in Shanghai.
This paper reported on large scaled physical modeling experiments which investigated the thermal balance characteristics of muddy clay in Shanghai during the operation of the GSHP system in the alternation of summer and winter cases. The variation of the temperature field and the re-stabilization circumstances for the environmental evaluation are discussed as well, via the qualitative and quantitative relations between variables of circulation temperature, distance from the GS and the temperature and time factors, respectively. All these results provide essential reference not only in the parameter design of GSHP system, but also for the assessment of environmental effects in the long-term running.
Materials and Methods

Geology and Climate in Study Area
The city of Shanghai locates at the mouth of the Yangtze River where it enters the East China Sea. The subsoils consist of approximately 300 m of loose quaternary sediments with relatively small variations in the stratigraphy (Figure 1 ). Because the soils are deltaic and estuarine deposits, they are typically soft in the upper 70 m consisting of clay, loam, silt, and sand. All the features and characteristics of the sediments show the physiographic evolution of the estuarine system. The rapid development of the Chinese economy has spurred major underground construction in Shanghai. The infrastructures were or are being constructed in the top shallow soft clayey deposit within subsurface 120 m, mainly consisting of dark green stiff clay (known as the DGSC layer in the subsurface around 70 m, Figure 1 ) with the following Upper Pleistocene (Q3), and the Upper Holocene (Q4) (the details are presented in [48, 49] ). Generally, the soft soil is regarded as the layers above the DGSC, in which engineering construction is more directly impacted by the third layer of muddy, silty clay and the fourth layer of muddy clay. In the meantime, it is also the shallow thermal zone that the GSHP system is commonly installed. Mostly they are buried at depths of 4 m. Moreover, the thickness of muddy clay soil is relatively huge varying from 12 m to 20 m with the absence of the third layer in some zones. It has characteristics of high water content, large pore ratio, low strength, and high compressibility attributable to the special hydrogeology environment in Shanghai (Figure 2 ).
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Experimental System Design
To acquire variations of temperature field and re-stabilization characteristics during the operation of the GSHP system in summer and winter cases in the laboratory, an experimental system should be specifically designed. One of the most important aspects considered in modeling design is scale law. The similarity ratios should be considered in many aspects to make the model and prototype consistent. In physics and engineering, the Fourier number is a dimensionless number that characterizes transient heat conduction; and the Reynolds number is an important dimensionless quantity in fluid mechanics used to help predict flow patterns in different fluid flow situations. Hence, the Fourier number and the Reynolds number are selected as similarity criterions since phenomena of heat transfer and fluid mechanics are mainly involved in this program.
Firstly, the soil thickness in prototype layer is 30 m (The depth of soil in field mostly involving muddy silt clay, muddy clay, and silty clay in the shallow GSHP system is around 30 m). The model soil is filled to 1.0 m as a most appropriate size in the laboratory; then the geometry similarity ratio was calculated by Thus, the sectional model box dimension is set to be 170 cm (the aiming direction of temperaturesensor distribution) × 120 cm. The heat exchanger of UT is directly related to the heat transfer between the soil surrounding and UT. It plays a very important role in the model experiment. Single U-shaped PE tube is selected in this model experiment. In practice, the diameter of the PE tube is about 20~40 mm. If the same geometry similarity ratio of 1:30 was utilized in UT, the diameter of UT can only be less than 1 mm, which is impossible in the manufactory product. In addition, to get enough heat exchange efficiency, a certain amount of heat flux is required. Comprehensively considering the above aspects and prior 
Firstly, the soil thickness in prototype layer is 30 m (The depth of soil in field mostly involving muddy silt clay, muddy clay, and silty clay in the shallow GSHP system is around 30 m). The model soil is filled to 1.0 m as a most appropriate size in the laboratory; then the geometry similarity ratio was calculated by C l = 1.0 m/30 m = 1/30, i.e., 1:30. Considering the space of installing U-tube heat exchange, instruments and some insulation materials, the model box height is set to be 1.5 m. In addition, the influence range of 1.5 H (H is the thickness of soil) is considered according to the national standard of the Technical Code for Ground Source Heat Pump System (GB 50366-2005). Thus, the sectional model box dimension is set to be 170 cm (the aiming direction of temperature-sensor distribution) × 120 cm.
The heat exchanger of UT is directly related to the heat transfer between the soil surrounding and UT. It plays a very important role in the model experiment. Single U-shaped PE tube is selected in this model experiment. In practice, the diameter of the PE tube is about 20~40 mm. If the same geometry similarity ratio of 1:30 was utilized in UT, the diameter of UT can only be less than 1 mm, which is impossible in the manufactory product. In addition, to get enough heat exchange efficiency, a certain amount of heat flux is required. Comprehensively considering the above aspects and prior to ensure the consistent q (heat flux per surface area) with general prototype circumstance, the geometry similarity ratios of UT can be set as 1:1 in cross section and 1:30 in depth (U-tube heat exchanger dimensions by such similarity ratios is 2 cm in diameter and 100 cm in height).
According to the Fourier number (similarity criterion in heat transfer), there is a similarity criterion in ratio form as: C a C t C 2 l = 1 where C a , C t , C l is respectively similarity ratio of thermal diffusion, time and geometry. Moreover, C a = 1 conspicuously due to the same model soil with the prototype, combined the above formula, the time similarity ratio can be yielded C t = C 2 l = (1/30) 2 = 1/900. The time similarity ratio is 1:900, i.e., a unity minute in the experiment is equivalent to 900 min in prototype and it is about 15 h. Therefore, the model experiment can greatly shorten the testing time (time similarity ratio is deduced by the Fourier number).
Lastly, the crux in our model tests is the temperature conduction, which is directly related to the heat flux per surface area. To ensure C q = 1, i.e., to guarantee the simulation quality, the heat flux used in the model tests should be calculated precisely to attain the same flux per surface area in the unit cylindrical heat source, and the heating power also should be controlled exactly to get the constant heat flux. The similarity ratio of the heat flux is relative to the geometry similarity ratio of UT, i.e., C V f = (C l 1 ) 2 · C l 2 = 1/30. Moreover, the borehole depth in the prototype is mostly about 60~100 m. The soil thickness that the model experiment simulated is 30 m. Consequently, the fluid Based on the Fourier number and analysis above, all the similarity constants are summarized in Table 1 . Table 1 . Similarity ratios used in the model experiment.
Category
Details Similarity Ratio
Model box C l = 1/30
Model Model soil
U-shaped tube (the ground heat exchanger) Cross-sectional: C l 1 = 1 Vertical: C l 2 = 1/30
Heat circulation system
Heat transfer parameters
2πar e ku f r e a ln r e − k
Output
Thermal response parameters
Note: γ is the bulk density; k is the coefficient of permeability, and α v is the coefficient of compressibility.
Winter circulation system consists of a cryostat tank with inlet and outlet silicone hoses, connecting with U-tube in model soil (Figure 3 ), while the summer case is running by a water chamber (with heater inside), a water pump, and a flow meter ( Figure 3 ). 2 cm-thick polyethylene foam is pasted on walls of model box for insulation material. It notes that the flux of circulation flow should be controlled to 1.0 L/min in this model according to the similarity ratio so that the same heat flux per surface area compared in the prototype can be promised. should be controlled to 1.0 L / min in this model according to the similarity ratio so that the same heat flux per surface area compared in the prototype can be promised. 
Model Soil Preparation
The second important part of the model experiments is model soil preparation. It is reconstituted from undisturbed soil from a typical Shanghai construction site in Tang Town of Pudong New City, east from the Huangpu River. Construction in soft clay encounters issues associated with low permeability, thixotropy, and the rheology of the muddy clay [50] [51] [52] [53] . However, thermal properties are rarely considered. Representative and uniform soil samples were drilled out, sealed, and transported to the laboratory as soon as possible. They were kept in a curing room under constant temperature and humidity. Some soil samples used to measure the undisturbed basic parameters were penetrated by the thin-wall sampler carefully. They were shaped in a 30 cm-height and 10 cmdiameter cylinder under the best-undisturbed state. The physical and mechanical parameters are measured in Tables 2 and 3 to guide and control the preparation for reconstituted samples in model experiments. 
The second important part of the model experiments is model soil preparation. It is reconstituted from undisturbed soil from a typical Shanghai construction site in Tang Town of Pudong New City, east from the Huangpu River. Construction in soft clay encounters issues associated with low permeability, thixotropy, and the rheology of the muddy clay [50] [51] [52] [53] . However, thermal properties are rarely considered. Representative and uniform soil samples were drilled out, sealed, and transported to the laboratory as soon as possible. They were kept in a curing room under constant temperature and humidity. Some soil samples used to measure the undisturbed basic parameters were penetrated by the thin-wall sampler carefully. They were shaped in a 30 cm-height and 10 cm-diameter cylinder under the best-undisturbed state. The physical and mechanical parameters are measured in Tables 2  and 3 to guide and control the preparation for reconstituted samples in model experiments. a : the value of a v and m v here are referred in the field geotechnical investigation report of the sampling places, which were evaluated and recommended as the value over the loading increment (100~200 kPa) according to the field stress condition; the specific testing procedure can be referred to ASTM Standard [54] for one-dimensional consolidation properties of soil using incremental loading. b : they are direct shear test values; as for muddy clay, correspondingly they are 12.5 kPa and 13.6 • in undrained tri-axial compression test (CU); and the effective values are 6.9 kPa and 24.2 • respectively.
Generally, there are two kinds of reconstitution methods for model soil, i.e., slurry deposition (SD) and moist tamping (MT). Due to the different soil properties, the SD method was chosen to reconstitute muddy clay since it is fine-grained, very soft, and has a water content as high as 50%. A slurry of the initial water content of 65% was made by mixing water and dry soil, thoroughly dried and pulverized from undisturbed soil, to be paved into the model box layer by layer in 2 cm. It is better to also be tamped together to remove air bubbles. The additional water was drained out by consolidation under 1 g self-weight dead load for 24 h with additional vertical stress of 165 kPa (pre-consolidation pressure). One pore pressure transducer was installed to monitor the consolidation process. Finally, the resulting water contents of model soils have been checked. It showed a good homogeny of 50% ± 3% along the depth with a saturation level close to 100%. In contrast, the MT method was used for relatively coarse-grained soil, such as silts and sands, i.e., the muddy silty clay and silty clay layers in this research program, by compacting re-constituted soils to a specific density in layers. The undisturbed soils were thoroughly dried and mixed with a pre-calculated amount of water according to a designed water content value in a mixer of a specific volume, and then stirred a lot until homogenized; finally filled into the model box in step by compaction with a hand hammer. The desired density was controlled by the number of blows per unit of soil under the MT approach [55] . The resulting saturation in MT is not as good as that in the SD, but actually it also meets the requirement for general model experiments since the main target layer is the high-thickness muddy clay in the mid part of the model soil.
As for the thickness of each kind of soil, it was determined by a geometric similarity ratio of 1:30, i.e., 30 cm of muddy silt clay, 60 cm of muddy clay, and 10 cm of silty clay based on field conditions (shown as Figure 4a ), totally amounting to 1 m of model soils. 
Experimental Sensors and Procedures
In this research program, temperature sensors (TSs) and pore pressure transducers (PTs) were equipped four in an array along the depth and also five radially in the U-tube ( Figure 4b ) to monitor temperature distribution and the surrounding influence in soil pressure. In each TS array, there are two in the middle of the muddy clay layer and one for the muddy, silty clay layer and one for the silty clay layer. In the radial direction, TSs were placed to appropriate distances, i.e., closer to the UT, denser temperature sensors were placed (5 cm, 10 cm, 20 cm, and 40 cm exactly in Figure 4b ). They were numbered in the array number connected with elevation number (such as 5-1 means the one in the fifth TS array at the first elevation).
To make uniform environmental conditions, the whole experimental system is equipped in a constant temperature and humidity laboratory room. Four contrast tests were respectively conducted in circulation temperatures of 35 • C, 40 • C, 45 • C, and 50 • C of summer cases and 5 • C, 0 • C, −5 • C, −10 • C of winter cases. It should note here that the reconstituted model soil was re-prepared for each test to avoid water loss or structure damage during GSHP running. Before starting each circulation, the initial temperature field in soil was checked to be consistent with the original temperature in the field around 17 • C [56] . Table 4 showed model soil temperatures measured by TSs before one of the circulations under 35 • C. To ensure the experimental system was running fluently, trial circulations were performed several circles until each part can be connected well. After the temperature stabilized during the GSHP running, the fluid circulation in UT could be stopped. However, to get the re-stabilization circumstance, the TSs should be monitored until the temperature stabilizes again after the termination of the heat exchange. The temperature value of TS 4-3 is set as the criterion for these key procedures because the aimed soil layer is muddy clay. 
Results and Discussion
Time-Dependent Temperature Variation During the Whole Testing Process
The temperature variations were monitored in the whole testing process including two periods: the fluid circulation period (i.e., GSHP operation time from the starting of tests to the end of fluid circulation and recovery period, i.e., from the termination of GSHP running to the end of tests). They were divided by a red arrow line, shown in Figure 5a ,b. All TSs temperature variations of 50 • C in summer case and −10 • C in winter case are addressed respectively. Specifically, from the whole process, the time-dependent temperature curves advance in three states: temperature ascending, stable state, and recovery stage. From the concept of heat-energy in soils, it can also be regarded as heat storage (temperature increasing) and heat-release (temperature decreasing), all the curves can also be divided into three stages including heat-storing, heat equilibrium, and heat-releasing, irrespective of summer ( Figure 5a ) or winter (Figure 5b ). From the aspect of time, the fluid circulation period includes the time of the previous two stages and the recovery period equal to the time of the recovery stage. It is surprising to notice that both figures show that after recovery time, the stable temperatures are a little bit elevated than the initial starting temperature. They were numbered in array number connected with elevation number (such as 5-1 means the one in the fifth TS array at the first elevation).
To better understand the radial heat influence on the temperature in soils to the U-tube, temperature variations of temperature sensors (TSs) in the same elevation number (such as 2-2, 3-2, 4-2, and 5-2) are selected, shown in Figures 6 and 7. They are located at a same depth in model soil but different distances to U-tubes. Specifically, they are arranged in a row seen from the model elevation of Figure 4b They were numbered in array number connected with elevation number (such as 5-1 means the one in the fifth TS array at the first elevation).
To better understand the radial heat influence on the temperature in soils to the U-tube, temperature variations of temperature sensors (TSs) in the same elevation number (such as 2-2, 3-2, 4-2, and 5-2) are selected, shown in Figures 6 and 7 . They are located at a same depth in model soil but different distances to U-tubes. Specifically, they are arranged in a row seen from the model elevation of Figure 4b an asymptotic behavior, being fast at the start and then slowing down subsequently. This reflects characteristics of heat conduction within soils. This heat conduction is continuously induced by the heat exchange between U-tube and the surrounding soils under a constant rate (the same q), while the temperature could not increase all the time. It increased very fast firstly and then got into a stable stage. The internal motivation is the thermal gradient for temperature variation. With time advance, the difference of temperatures within the adjacent soils became smaller until a heat equilibrium state approached. At this circumstance, the temperatures could not change even GSHP kept running. The heat conduction within soils also stopped. To better understand the heat influence on the temperature in soils along the depth, temperature variations of temperature sensors (TSs) in a same TS array number (such as TS 2-1, TS 2-2, TS 2-3, and TS 2-4) are also discussed and shown in Figures 8 and 9 . They are located at the same distance to the U-tube but at different depths within the soils. Specifically, they are arranged in a column seen from To better understand the heat influence on the temperature in soils along the depth, temperature variations of temperature sensors (TSs) in a same TS array number (such as TS 2-1, TS 2-2, TS 2-3, and TS 2-4) are also discussed and shown in Figures 8 and 9 . They are located at the same distance to the U-tube but at different depths within the soils. Specifically, they are arranged in a column seen from Comparing the curves in Figure 6 , it can be found that closer to UT, a higher maximum temperature can occur and the temperature increment is larger. In another aspect, at the same time during circulation, the slope of the curve is greater, i.e., the temperature gradient is larger and has a higher temperature increasing rate. That is why, except Array 5 TSs, in almost all graphs (Figure 6a-d) , Array 2 TSs (2-1, 2-2, 2-3 and 2-4) approach stable temperature values first. Likewise, in Figure 7 in the winter temperature of −10 • C, heat conduction behaved similarly.
To better understand the heat influence on the temperature in soils along the depth, temperature variations of temperature sensors (TSs) in a same TS array number (such as TS 2-1, TS 2-2, TS 2-3, and TS 2-4) are also discussed and shown in Figures 8 and 9 . They are located at the same distance to the U-tube but at different depths within the soils. Specifically, they are arranged in a column seen from the model elevation of Figure 4b and labeled as Array 1 TSs, Array 2 TSs, Array 3 TSs, and Array 4 TSs (such as Array 2 TSs includes TS 2-1, TS 2-2, TS 2-3, and TS 2-4). The temperature monitoring data indicated the very similar process on temperature variation along the depth just with very small amount change on temperature value. It proves that the vertical heat conduction is not much apparent than that in radial direction. In other words, the commonly-used assumption of one-dimensional thermal conduction theory in thermal parameters calculation is rational during the operation of GSHP system. Similarly, in Figure 9 of the winter case, temperature variations also show that radial heat conduction plays a role during the operation of the GSHP system. Figure 8d further shows that the presence of the heat source of UT did not create an apparent increase of temperature in Array5 TSs (5-1, 5-2, 5-3, and 5-4), which also proved the rationality of choosing the TS of 4-3 as a criterion remark point to analyze the thermal balance. The fifth temperature sensor array was regarded as the influence boundary of heat conduction in this model test. At least closer No.4 TSs can show the temperature variation during testing. Additionally, muddy clay is the most concerned soil layer so that TS 4-3 is selected. Moreover, seen from the final stable temperature values, both in summer and winter cases, temperatures could hardly get back to the initial values, and are all raised a little (about 0.5 °C). This irreversibility seems not to be a contingency because the temperature increment did occur in all the TSs. Moreover, seen from the final stable temperature values, both in summer and winter cases, temperatures could hardly get back to the initial values, and are all raised a little (about 0.5 • C). This irreversibility seems not to be a contingency because the temperature increment did occur in all the TSs. 
Thermal Balance Parameter Analysis
To consider the thermal balance, a circle of one summer case and one winter case should be compared in the GSHP running. In this research program, two cases of 35 °C from summer and 0 °C from winter were selected for analysis because the temperature differences in these two cases between the U-tube and surrounding soils were both around 17 °C. It means that this is the same thermal gradient compared to the beginning of tests. From Figure 10 , it showed the temperature variations during muddy clay (the location of No.3 TS). It can be found that the time of temperature increase in the summer case is longer than the temperature decrease in the winter case. In other words, the time of heat storage and heat equilibrium in the summer case is longer than that in the winter case in Shanghai muddy clay. Since each group test was conducted under a same heat flux rate and a constant temperature and humidity circumstance, correspondingly the amount of heat storage is larger than the heat release in the muddy clay layer after one alternative cycle of GSHP operation. 
To consider the thermal balance, a circle of one summer case and one winter case should be compared in the GSHP running. In this research program, two cases of 35 • C from summer and 0 • C from winter were selected for analysis because the temperature differences in these two cases between the U-tube and surrounding soils were both around 17 • C. It means that this is the same thermal gradient compared to the beginning of tests. From Figure 10 , it showed the temperature variations during muddy clay (the location of No.3 TS). It can be found that the time of temperature increase in the summer case is longer than the temperature decrease in the winter case. In other words, the time of heat storage and heat equilibrium in the summer case is longer than that in the winter case in Shanghai muddy clay. Since each group test was conducted under a same heat flux rate and a constant temperature and humidity circumstance, correspondingly the amount of heat storage is larger than the heat release in the muddy clay layer after one alternative cycle of GSHP operation. 
To consider the thermal balance, a circle of one summer case and one winter case should be compared in the GSHP running. In this research program, two cases of 35 °C from summer and 0 °C from winter were selected for analysis because the temperature differences in these two cases between the U-tube and surrounding soils were both around 17 °C. It means that this is the same thermal gradient compared to the beginning of tests. From Figure 10 , it showed the temperature variations during muddy clay (the location of No.3 TS). It can be found that the time of temperature increase in the summer case is longer than the temperature decrease in the winter case. In other words, the time of heat storage and heat equilibrium in the summer case is longer than that in the winter case in Shanghai muddy clay. Since each group test was conducted under a same heat flux rate and a constant temperature and humidity circumstance, correspondingly the amount of heat storage is larger than the heat release in the muddy clay layer after one alternative cycle of GSHP operation. To quantitatively analyze the thermal balance circumstance during the operation of GSHP system in our research program, two specific parameters were defined and deduced according to the monitoring data, which evaluated the thermal balance from the two aspects of temperature amount and running time. First is the temperature variation ratio α. This parameter is defined to evaluate the degree of temperature changes by circulation based on the initial temperature difference between circulation fluid and surrounding soils. As shown in Equation (1), i T is referred to the temperature difference between the circulation fluid and the initial ground soils. The initial soil temperature was regarded as 17 • C; hence the i T evaluated as the temperature difference is respectively 18 • C, 23 • C, 28 • C, 33 • C in summer cases and 12 • C, 17 • C, 22 • C, 27 • C in winter cases. ∆T is the final stable temperature change in each TS after the circulation ends.
Shown as the results in Table 5 , temperature variation ratios of No.3 TSs in the muddy clay layer (i.e., TS 2-3, TS 3-3, and TS 4-3) are all calculated. It is found that in the previous three cases either of summer circulations or winter circulations, the temperature variation ratios are almost the same. That is to say, the temperature variation (such as in TS 2-3 during the summer cases, they are 7.44 • C, 9.61 • C, 11.04 • C; correspondingly 2.58 • C, 3.69 • C, 4.49 • C during the winter cases) increases as the initial temperature difference elevated. When enlarging i T by either increasing the circulation temperature in the summer cases or lowering it in the winter cases, the temperature variation became larger and the temperature variation ratios in the summer cases of 35 • C, 40 • C, and 45 • C or winter cases of 5 • C, 0 • C, and −5 • C, just slightly changed and kept at the same level. But when i T was much higher, such as the summer case of 50 • C or the winter case of −10 • C, the temperature variation, no matter the temperature increment of 11.96 • C under 50 • C or the temperature decrease amount 4.89 • C under −10 • C, they both change slightly respectively compared to the cases of 45 • C (11.04 • C) or −5 • C (4.49 • C). It can probably make sense that the heat exchange may approach a saturation state and the heat transfer rate got into heat equilibrium circumstance in heat exchange between the circulated fluid and the surrounding soils. That is to say, with an even higher initial temperature difference (thermal gradient), the final temperature variation would not change much. The second parameter is the time ratio β, which is a relative value to evaluate the ability of the thermal equilibrium in the testing soil. Equation (2) indicates the value can be calculated from the time soil storing heat (temperature increasing) over the time releasing heat (temperature decreasing) in each case. β = t heat storage t heat release ,
As explained previously, it can be indicated that heat storage time in the summer case includes the fluid circulation period and heat equilibrium stage; heat release time equals to the time of recovery period. Likewise, the heat release time in the winter case can be estimated from the fluid circulation period to the equilibrium state; and the heat storage time is equal to the recovery period instead. For quantitative analysis, the corresponding time duration can be calculated in terms of the mathematical method, in which the slope of the tangent obtains the time points of the interval in each part (schematically shown as Figure 11 ). Since at the beginning of circulation, the temperature has some fluctuation and the real temperature rising point is specifically determined by a tangent line. The time interval between these two points is defined as the heat storage time in the summer case. Similarly, in the winter case, according to the method above, the time duration in each TS is gained and then correspondingly β values can be deduced. It is surprising to notice that all the time ratios are smaller than 1 (Table 5 just presented the values in two representative cases of 35 • C and 0 • C). It means that the heat release time is always longer than the heat storage in Shanghai muddy clay. From the time ratio it can be also easily understood that during the running of GSHP system, under the same amount of heat, the time to release it would take more time after storing it. It indicated that, as for Shanghai muddy clay, the ability of heat storage is stronger than heat release, which also reflected that when subjected to the same circulation period for summer and winter cases, the heat storage amount would be higher than the heat release amount. The data in Table 5 provides good evidence for this. The temperature variation ratio respectively in the case of 35 • C and 0 • C (these two cases have almost the same initial temperature difference) were remarkably different (0.413, 0.217). The temperature increment in the summer case of 35 • C (7.44 • C) was much higher than the temperature decrease amount in the winter case of 0 • C.
As explained previously, it can be indicated that heat storage time in the summer case includes the fluid circulation period and heat equilibrium stage; heat release time equals to the time of recovery period. Likewise, the heat release time in the winter case can be estimated from the fluid circulation period to the equilibrium state; and the heat storage time is equal to the recovery period instead. For quantitative analysis, the corresponding time duration can be calculated in terms of the mathematical method, in which the slope of the tangent obtains the time points of the interval in each part (schematically shown as Figure 11 ). Since at the beginning of circulation, the temperature has some fluctuation and the real temperature rising point is specifically determined by a tangent line. The time interval between these two points is defined as the heat storage time in the summer case. Similarly, in the winter case, according to the method above, the time duration in each TS is gained and then correspondingly β values can be deduced. It is surprising to notice that all the time ratios are smaller than 1 (Table 5 just presented the values in two representative cases of 35 °C and 0 °C). It means that the heat release time is always longer than the heat storage in Shanghai muddy clay. From the time ratio it can be also easily understood that during the running of GSHP system, under the same amount of heat, the time to release it would take more time after storing it. It indicated that, as for Shanghai muddy clay, the ability of heat storage is stronger than heat release, which also reflected that when subjected to the same circulation period for summer and winter cases, the heat storage amount would be higher than the heat release amount. The data in Table 5 provides good evidence for this. The temperature variation ratio respectively in the case of 35 °C and 0 °C (these two cases have almost the same initial temperature difference) were remarkably different (0.413, 0.217). The temperature increment in the summer case of 35 °C (7.44 °C) was much higher than the temperature decrease amount in the winter case of 0 °C. Figure 11 . The determination of the temperature rising duration.
Thermal Mattress Effect
As explained in the heat mechanism analysis of Tang et al. [57] because the heat exchange in the winter case can easily approach the thermal equilibrium into the heat transfer saturated state while in summer case the heat transfers from the circulated fluid to the huge, ubiquitous surrounding soil, the thermal gradient can always be kept in a continuous gap to keep a long-term unsaturated heat transfer ( Figure 12 ). In Shanghai, the duration for cooling in summer is almost twice the time of heating needed in winter. The cooling load is much greater than the heating load during the running of GSHP system. At the same time, according to the thermal balance factor comparisons on the summer and winter cases and the heat transfer mechanism process, even under a same external loading (no loading), the heat stored in the muddy clay is higher than the heat released. That is to say, the thermal balance problem can hardly be avoided during the alternation of the summer and winter circulations in Shanghai if no reasonable management and planning are conducted. In the second law of thermodynamics, no process is possible in which the only result is the heat transfer 
As explained in the heat mechanism analysis of Tang et al. [57] because the heat exchange in the winter case can easily approach the thermal equilibrium into the heat transfer saturated state while in summer case the heat transfers from the circulated fluid to the huge, ubiquitous surrounding soil, the thermal gradient can always be kept in a continuous gap to keep a long-term unsaturated heat transfer (Figure 12 ). In Shanghai, the duration for cooling in summer is almost twice the time of heating needed in winter. The cooling load is much greater than the heating load during the running of GSHP system. At the same time, according to the thermal balance factor comparisons on the summer and winter cases and the heat transfer mechanism process, even under a same external loading (no loading), the heat stored in the muddy clay is higher than the heat released. That is to say, the thermal balance problem can hardly be avoided during the alternation of the summer and winter circulations in Shanghai if no reasonable management and planning are conducted. In the second law of thermodynamics, no process is possible in which the only result is the heat transfer from a body of lower temperature to a body of higher temperature. Spontaneously, heat cannot flow from cold regions to hot regions without the external work being performed on the system, which is evident from the ordinary experience of refrigerant. It means that the heat transfer is not a reversible process. On the operation of GSHP system, dissipating excess heat into the ground is much easier than extracting heat from the soil. The heat exchange amount in the summer case is not consistent with that in the winter case during one single fluid circulation. The COP (coefficient of performance) of cooling in summer is greater than the heating in winter (It is generally >5.5 in summer and approximately 4.2 in winter [12, 33] ). Even if a well-designed GSHP system can make the ideal external thermal balance calculation during alternation of the summer and winter cases, without considering the properties of the muddy clay soil, the temperature increment and the recovery time are both limited to the recovery circumstance. The muddy clay soil has a strong capacity of heat storage, but a relatively poor heat release ability, i.e., for the same heating and cooling load, the GSHP system was unable to approach a thermal balance without complementing another energy source due to the intrinsic properties of Shanghai muddy clay.
Running of the GSHP system in the absence of considering the appropriate operation time in each case, the heat dissipated into the ground will be gradually accumulated and much more massive than the heat extracted out from the soil. The recovery process typically shows an asymptotic behavior, being fast at the start and then slowing down subsequently, and theoretically taking an infinite amount of time to reach its original state. However, practical intermittent utilization of GSHP system (e.g., 95%) will occur much earlier, generally on time scales of the same order as seasonal alternation [14] . Testing data did indicate that the temperature of the soil surrounding the GSHP system is always in the trend of increasing after the recovery time, no matter four cases in summer circulation or four cases in winter circulation. Even though the amount of a circle operation of one summer and one winter is not so much (0.5 • C), the accumulative effect could not be ignored. What is worse is the long-term accumulative effect. It is defined as a thermal mattress effect in the underground soil, within which the temperature is relatively higher than ambient, and the heat could not release easily. Firstly, the sustainable usage of the GSHP system will be influenced accordingly. More critically, it will break the stability of initial ground temperature and influences the current ambient eco-environment, which has a potential influence of climate environment since the ground environment is a part of this whole global earth system by hydro-connection and air-motion. From this point, GSHP system should not be long-term operated as an independent energy supply system, and it is best to be joint-designed together with another energy system.
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Conclusions
The thermal response test in situ in a borehole is both time consuming and expensive; particularly owing to the testing simplification in the complex construction field, it can only involve the summer case, and the long-term engineering and environment effect could not be comprehensively considered and evaluated. The objective of this present research program is to develop a large-scale laboratory modeling facility which could simulate the operation of GSHP system both in summer and winter cases. Preliminary analysis of the thermal balance problem is discussed. Some outcomes are concluded as follows:
1.
Temperature variation induced by summer or winter case almost linearly increase with the elevated initial temperature difference between the circulation fluid and the ambient ground soil. However, the heat transfer rate could approach a balance by heat equilibrium in heat exchange. From this aspect, higher circulation temperatures could not always result in better efficiency of GSHP system.
2.
From the comparison of temperature variation ratio and time ratio values in summer and winter circulations, Shanghai muddy clay is proved to be a geo-material with strong heat storage, but poor heat release ability.
3.
Thermal balance of heat dissipated to and extracted from muddy clay can hardly be achieved during the alternation between summer and winter cycles without other external effort and appropriate management. This is explained by the irreversible and asymmetric heat conduction characteristics based on monitoring data and also the second law of thermodynamics.
4.
The thermal mattress effect in muddy clay soil will potentially occur after single long-term operation of GSHP system in the absence of corresponding management and involving the environment evaluation.
All these conclusions are provided the valuable instructions for the incoming large-area utilization of GSHP system in Shanghai. GSHP system should not be long-term operated as an independent energy supply system and it is best to be joint-designed together with another energy system. 
